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ARTIFICIAL EXPERTISE IN SYSTEMS ENGINEERING

DANIELA T. IORGULESCU", DAVID F. GIERE*, CAROL S. GIFFEN""

MARTIN MARIETTA ASTRONAUTICS GROUP
POST OFFICE BOX 178
DENVER, COLORADO 80201

ABSTRACT

As technology development and engineering problems have

grown in complexity, tachnical systems have evolved to meet
challenges. This evolution has occurred within a foundation of
raditional engineering anialysis and work processes originating prior
o current computer technology. These processes were designed io
improvise and compensate for ambiguous design or analysis
information. Systems engineering_optimization of computer
technology applications can eliminate or redesign enginearing
processes such that the unified system function focuses on
innovation, flexibility, speed, and quality. *Artificial Expertise® for
systems enginoering refers 1o the application of ariificial intolligence

and shared intograk

SYSTEMS ENGINEERING

Aerospace systems engineering technology is composed of
functional mel jos. ai jineering skils applied  toward
mplex system development. Mission objectives are transformed
into total system definition and design. The function of assuring
systom compatibilty among the diverse Sysiem dloments is achiovod
through complete system integration of design requirements and
functional interfaces. These occur within a dynamic framework of
variant hardware, software, schedule, cost, analysis, and support
fequirements. As systoms have evolved and matured, the
complexity of these dynamic interactions has increased and present.

d challenges o the systems engineering coupling of scientific and
management techniques.

From the concept exploration phase o the design phase of the
system development cycle, systems engineering provides. the
iterative process to assure requirement definition, system integra-
tion, and requirement verification.

Requirements definition provides a formalized method for trans-
lating mission objectives into quantifiable scientifc deseriptions that
provide the measure for judgement of design solutions. These
requirements begin at the overall systom loval and are gradually

10 a level of sufficient detail for hardware or operational
software implementation. Many low level component requirements
can only be defined during the design cycle as '
iterations and systom evolution. As the req
mature, their requirements allocation takes tho form of a spocifcason
e g

based . The requirements hier
the system level and is decomposed into finer detail at the segment,
eloment, subsystem, and component levels. The system engineer-
ing approach involves stating the mission objectives and ident
‘ambiguous areas that will be defined during design evolution.

SYSTEM INTEGRATION

To illustrate this concept, a simplified example of a payload inte-
gration design cycle is shown in Figure 1. Mission objectives of
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Figure 1. _Simplified Payioad integration Design Cycle
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dolvoring a payload o low oarth ot ar ransiormed ino requie.

ments for specific orbital parameters. These are now technical

Paramoters i the mission design. They are implemonted by Fight

Mechanics in a three or six degree of freedom trajectory simulation

pmvld- rformance sizing and optimization. Next, Propuision
the

pmm. from Flight Mechanics. _Pro
Guidance/Navigation/Control_atiitude control analysis and U
amkos bepeliy momants resullng o o Fat. Al of
Thoss anaiysos aro furthar constrained by hardware limitations which
may redefine mission requirements, thus, providing the potential for
n olleraion.  Systam intograion focuses on inerlaces and

1o assure that mission requirements wil be met.

Systems engineering verifies compliance of mission require-
‘ments with the analysis or results. Each requirement is tested
for proper implementation using standard verification me
(test, analysis, inspection). Requirements traceabilty is important
assuring that  specifcrequiremant which has boen allocated and
verified, properly reflects upper level requirements
Garived. " Avso, waceabilly assiets in assuring that al system
requirements are accounted for prior to allocation.

INCEPTS OF QUALITY AND SYSTEMS

The driver for productiprocess improvement
desire to opnmlu qu.my The degreo o which qu-lvly is not
achieved is reflected in detrimental cost and schedule impacts.

ires an explicit measurement of quality defined as
mcmoroualuy The Cost of Qualit is the sum of the Price of
Nonconiormance (ihe price for daing the ob incorrecth) plus the
Pric of Gonformaoe (e price peid lor making cortan that equire-
ments are met the first time).! Examples of the Pnc' ol Nonconform-
ance include change orders, testing reruns, rework, redesign, down-
time, and revisions. Management techniques are developed o
minimize this effect

The Total Quality Management initiative incorporatesthe
principles of concurrent engineering. Concurrent engineering is "a
systematic approach to the integrated concurrent design for
products and thei related processes, induding maniactrs and

support. This approach is intended 1o cause the developers,
s s ot Pt 1 ercle lrom
conception through disposal including quality, cost, sc

user requirements”2 Implementation of concurrent mqmnnq

requires a dﬂpanun from '.rldil.nnll
nature 1o a dynamic reak-time
phases. Concurrent box structure desk
quential programs by concurrent execution of
g sy

wich is saquential in
between the design

Concurrent engineering implies changes to inf

fiormation process-
are needed to quickly
g s knowiedge can

resource. A company's compeitive
edge is a function of the flexibility and rapidity of information
synthesis and incorporation into downstream processes. Expert
sysiems provide an avenue for information synihesis thecugh

processing and high level They have
e potann.ll of producing order from vt enabling concurrent
ing processes.

ARTIFICIAL EXPERTISE
The inseption of the artifiial intelligence discipline occurred in
the late 1960's and focused on expioiing the problem soing
bem-qms f human beings o solve problems.# Rapid advances in
for echnology combined | w.m a scarcity of knowledge about

how he brain workk contributed 1o its rapid develop-
ment. During the last seven mm, advances in neuroscience and
liel discipline of neural networks. It

probler

processing,
aterme, actomaspr . robotics, and expert systems.

EXPERT SYSTEMS TECHNOLOGY

Expert systems are software programs designed to capture
knowledge assimilated by an oxporl, gwp of experts, wmlwmanon
sources such as books or manuals. Expert sys tem desiy
emulate human thinking by embodying the
represents, utilizes, and acquires that |

memory organization,
sumgm. Elpeﬂ mmhng [Eai ‘maod ‘within the
memory mmpm. maich, and best match selection. 5 An expert
system has three basic parts as ilustrated in Figure

+  aknowledge b-novhcsumnursucs(ndes) associated

problem;

way_an oxpen
This emulatior

with the
+ an inference engine for appling the knowiedge base
'Mm'mm the problem solution; and

. global data base serving as a working memory of
lhaprbbhmsums:nd-w )

USER-INTERFACE

USER

- Explanation Subsystem

INFERENCE ENGINE

INTERFACES

INPUT DATA e [ o=
(1o interprotor)

DYNAMIC GLOBAL DATA BASE

KNOWLEDGE BASE

« Working Momory (facts, ovservations)
« Knowledge Acquisition
+ Reasoning uxphnabon/sys'mn status

+ Objects (facts)
Confidence Factor

Figure 2. Basic Expert Systems Components




Export systems are different from data processing programs
because of their extensive use of heuristics, symbolic manipulation,
and inferencing mechanisms to represent and extract knowledge
from a large knowl base.b Data processing programs access
large data bases by well defined, deterministic, and repetitive
algorithms. Expert systoms apply heuristic (codified rules of thumb)
search 1o control the process rather than random or exhaustive
search lechniques where every possible combination of rules and
facts is tested to reach a conclusion. The difference lies in
processing on reasoning-based information extraction rather than

extraction of human knowledge, and knowledge engineering
concepts. The expert system approach assumes that the problem
‘cannot be defined in detail but that heuristic solutions exist.

Knowledge Base, The knowledge base comprises the
factual and heuristic, rule oriented, and structure oriented know-
lodge. The information stored in the know [
contained in traditional data bases. The data base contains rules o
manipulate its facts. Those rules that mimic human judgement are
reforred o as “heuristics". The knowledge base is composed of

bijects and actions.

The objects are computer symbols of
concepts. Objects are linked together to form semantic networks
with specific terms (IS-A, HAS-A, CAUSED BY, DEFINITION) defining
their corresponding relationships, Objects and their relations may be
stored in frames which are tabuiar data structures. Frames can be
organized in a hierarchical collection of frames that inherit information

above thom. The inheritance feature can serve
of inference in deductive logic employed in the inference engine.
Object oriented programming activales procedures
10 objects when s are received from other objects.

physical or abstract

Actions modify the situation or the relevant data base. Actions
are represented by rules that are expressed in IF-THEN format with
ANDs and ORs for more complex relationships. ~Actions may be
activated by messages (object oriented programming) or changes in
the global data base. The degree to which knowledge is known to be
correct or affecting final asserbons s reflected in the confidence
factor. This accommodales "fuzzy logic" for imprecise or incomplete

. The coupling of frame based hierarchical systems and
objct oriented programming allow closer modeling to the real workd
though linkage of the knowledge representation system and the
system's reasoning process;  thus, reducing the amount of explicit
knowledge needed by the expert system.”

Inference Engine. The inference engine provides the
inferance strategy and control structure so that the base
can be used effectively. Expert system tools or shells have
capitalized on the idea that inference engines are essentially

independent and can be used on different knowledge
bases. Inference is the process of developing new facts based on
established facts. ~ As computer programming allowed the
manipulation of numerical symbols to solve equations in mathemat-
ical logic, 5o can non-numerical symbols (objects) be manipulated to

program human deductive logic. The

symbols, expert systems can make inferences through pattern

maiching batween the knowledge base, inference rules, and input
facts as follows:
Inference Engine: IF A (premise)
THEN B (hypothesis)
User Interface:  Input fact (A) = APOLLO is a workstation
Output new fact (B) = APOLLO is a
‘computer (inferred)
Knowledge Base: IF APOLLO is a workstation

THEN APOLLO is a computer

73

The conirol structure directs the reasoning process so that all
possible combinations of rules and facts are not tested between the
knowledge base and

the inference engine. This is accomplished
through search techniques known as forward and backward
chai ining starts with the known ilo working

ining.
toward an unknown solution by matching the premises from the ruies
that are verified by the facts. The conclusion of the rule then acts
upon the knowledge by adding new facts. Backward chaining
bogins with a solution and gathers facts o support it by maiching the
hypotheses of the rules and then seeks to verify the premise of
fules by searching the base. Groupings of rules in

itizo the

los.
rules aro tried. The black board inference technique
involves a group of cooperating expert systems that control solution
davvlo%mom on a common data structure known as a “black
board".

Most expert systems are rule based systems handling empirical
relationships that are described as shallow representations of
knowledge. ons of “IF A THEN B* rules represant this type of
shallow knowledge. Dooper representations allow the system to
rostructure its knowledge, prioritize and break its own rules if it has
10, and react to exceeding the bounds of its expertise. A great deal
of research continues in this area,

EXPERT SYSTEMS IMPLEMENTATION

Export systems provide the opportunity of fusing the knowledge
of many experts and enriching the problem solving techniques to

luce superior quality results. Through continuous incremental
development of the knowladge base to reflect dynamic conditions,
the organization has an opportunity to manage ~ its Koy
technology. The expert system can suggest solutions 1o a problom
and explain its reasoning by providing a record of the informaton and
intermediate conclusions it used. Expert systoms are designed to
solve problems through reasoning rather than numerical techniques.
Roasoning is achieved through symbolic processing by reaching
conclusions from valid or invalid premises. The quality of the
conclusions is a direct function of the fidelity of the base
and cruda i the sense that it does not substitute human judgement
which reflects intuition, common sense, and emotion. Expert
systems encapsulate knowledge that aids decision making within the

organization by providing the framework for a structured decision
process with reduced uncertainty through defined constraints.
Quality is enhanced through the development of a standardize

consistnt approach to problem solving resuiting in more wholistic
evaluations.

Export systems employ techniques which have demonstrated
certain problams: interdependancy of rules where rules conflict with
each other, difficulty of solution near domain knowledge boundary,
or problems due to multiple inferencing paradigms. The data driven
system software is structurally and functionally different from
conventional software that is procedural driven sequential
algorithmic code. These differences indicate that normal test
niques cannot be used to validate expert systems. Research in

this area continues.

APPLICATIONS IN AEROSPACE SYSTEMS

Arificial expertise concepts have been combined with human

information processing to develop real-time ex

providing a foundation for requirements definition, system

integration, and requirement verification. Through knoy and
ing function descriptions in terms of abstraction hierarchy, a

system stale of knowledge and organization has been achieved for

specific domains.

BEQUIREMENTS DEFINITION

Date_Bases, Decomposition of the hierarchical system
i into i
has been aided with highly versatie engineering data bases. The




Flight Telerobotic Services (FTS) functional requirements develop-
ment were conducted with the aid of a software data base tool
referod to a3 NASREM (NASANBS Standard Rlerence Mode). 9
is provided generic hierarchical, functional control and interfaces.
The System Engineering Data Base (SEDB) was developed by
Martn Maretia as a requiremants analysi tool 1o assist the
development of systems engineering requirements.
is sufficiently versatile to maintain complete system quulmmams
traceabi iblings) along with relationships. to

tions required to maintain traditional data base s . SPM

provides racking of consiraits and relaions, rganizations,
jules, phases, tasks, inpus, outputs, resources,

b budgets.

Lockheed has created the Shuttle Connector Analysis Network

(SCAN)‘S 1o ensure flight readiness of the space shuttle electrical

. This sxpartsystam racks and assesses on going electical

and mirrors the thinking of sysiem engineers.

verification methods, requirement sources, and design compliance.
The SEDB provides configuration allocation management control of
system requirements and is curently appiied in production.

Expert Systems, Expert systems have been developed for
mission planning systems and task flow requirements. The Launch
Resource Scheduling System (LRS 1)1 was developed for use by
USSPACECOM to assess launch capability to meet future satelite
requirements. It uses mul bases to match satelite
launch requirements with available launch vehicles, upper stages,
and launch pa 10 establish a launch manifest. A prototype
scheduling system (MAESTRO) 1 was developed by Martin Marietta
for spacecraft and their experiments. MAESTRO techniques include
heuristic decision making, multiple asynchronous processes, and

prioritized transaction based command management of multiple
Echodules and resources.

The Kennedy Space Center Ground Resource Allocation has
applied an artificial intelligence based (object oriented) integrated
payload scheduling system developed by Harris Corporation named
PHITS (Payload Handling Inventory Tm:kinq System).12 Shuttle
experiments ar represented in terms of objects (with defined task
flows) which are semantically related goals. The
integrated schedules are generated by evaluating objectattribute/
values with user defined constraints on object interaction.
conflict resolutions are performed by the system executive to
achieve the desired on-orbit requirement goal.

A prototype Customer Requirements Idonification System
(CRIS)13 expert system was developed for NASA-KSC Space
Shutle payload procossing operatons. Based o knowledge,
strawman requirements are generated pdaed for mission
unique requirements. The breadth of CRIS is limited to animal

test support, facilities, equipment, supplies, and special

requirements.

SYSTEM INTEGRATION

The compilation of diverse elements into
uahuble systam goal ia aided throuch te applcaton of highly
developed data bases. An example of such a is called
Requwmms Driven Development (RDD)“ for syshns -

ing methodology. RDD was develo 'Ascont Logic Corporation
to provide lnkago batwoen requirements, functiona flows, and
system behavioral models on one data base. The tool buikds an

elementirelationship/attribute data base to el expression of a
complex system through layers of decomposition 1o the root system
behavioral model. This tool is superior to tr n-l systom
requirement tools because it provides relati tween
oquitements wraceabity ierarchy and system ‘bohavioral dosign

Expert Systems, Expert systems have been successfully
demonstrated in some system inlegration applications. The Software
Pro]nm Manager (SPM)!5 has been prototyped at Lockheed

fiware Technology Center as a decision support system for project

mumgamsm It uses semantic networks for the kmwlpdgo

representation in the model and functions, rules, and os 1o

daductvely reason over the model.  Modificaton. of the SPM

base allows easy global definition of new relations or

attributes through the model inheritance features. This Akt
creation of a complex concepual model without the major modifica-

as they trace orbiter wiring. The system employs distributed
netwrks that allow paperess real time configuration stats along
with quick system response signatures.

wiring is tested for constraint and msmny e dengioe o
shooting of failed components. The system went from concept to
production in about two

Rockwell International Space Transportation Systems Division
has devclogod the orbiter payload bay cabling expert system

associated with luppMng elec-

Talont The sysiom couplas b % export
systam (EXTOL) and the cable eloctor oxpart system (EXSEL).
sed on flight requirements documents, EXTOL generates a
mnbrhsnngm ining all orbiter payload bay installation drawings.
Based on payload unique interface control documents (ICDs),
EXSEL selects cables 1o be used by EXCABL to form a standardized
orbiter cable inventory.
Hybrid Simulstions. New hybrid simuiation tachnologies are
merging with artificial i
s such as expert systems. Automatic Routing Module
(ARM)‘B is an expert system that couples algorithmic and mission
rajectory planning activities for Air Launched Cruise Missile long
P sl following routing. ARM was developed by Systems.
Control Technology for the Jeint Siralegc Targs! Planing sar.

‘candidate routes for
laumﬁwvlmdahmel "The foutes are optimal nterms of fyeat
avoidance and adhers to routing constrsints including vaticle
rformance and heuristics. These heuristics substituted hand
Genration of routes by specilying minimum fuel reserve, target
damage, target avoidance, and route

relying on the human eye to sort
its three dimensional terrestrial models provides a
1o find the safest path h

high .
resulting routes proved to of superior quality than manually
generated routes. The Robotic Air Vehicle ngum (RAV)1® has
been developed by Texas Instruments. This program combines
technologies as. wnvol theory and navigational terrain algorithms.
Wi cooparating expert sysiems tha can pan,exocuis, and alle the

jssion scanari.

anced Launch Systom Moduing (ALSYM) tool was

dwakwed by Martin Maritia to provide rapid inlograion of ALS
design concepts i of cost, operabiliy, reliabilty, maintainabil-
i in an object oriented

Verification of compliance o system
requirements may be automated through application of expert
systems. An online and real time Launch Readiness Assessment
System (LRAS)20 Mar\aosf was dtw'bp'd by EG&G

5 tlem compares current status against
requirement cawgom; of personnel training, eomﬁunnns.

nd equipment
validations, and spare concel
deviations, and waivers are Detailed
requirements are from master data i
milestones, responsible unit relationships,



ment catagories. Tho mastr data base f by the
with inputs from each vasponslbie unit ee now
cquipmonLTacityleysians requioments onter or bave. ihe exper

systom. LRAS providos a closed loop sysim for EGAG 1 back and
verify all its support requirements for real time launch readiness

The Advanced Launch System Program is envisioned to make
extensive use of knowledge based expert systems for automated
ground prelaunch processing.21 The expert system could monitor
the launch vehicle system 1o provide command and monitor capa-
bility. If an anomaly occurs, recursive logic could be used to sort
through combinations of component states o determine the systom
responsible for the anor i

are mel
maintenance costs would be mdueod to a fraction of the  cost lw

ilarly,
of expert systems for post flight dau processing. The sanwm
Viould be dosignad 1o analyze all dala and raport anomales along
with identifying the source of the problem and the rationale used 1o
find . Only for cases, whoro tho software could not isolato the
would manual data review be requ

Hybrid Systems, The coupling of expert syshm applications
and neural networks is finding an atiractive niche in requirement
verification. Neural networks have excelled at patiern recognition
techriques fo me varying sinals. Noura networks can earn 1o
discriminate nominal patterns on e) i
aliminating the nood for elaborate, modols or probabilty funclios,
Neur.ul networks have proven to be robust for noniinear processes as
d to traditional techniques (Kalman fitering) which work well
i inoar regions. A preaundh gyuer system is considered for the
Orbiter Munewumg System.22 The approach includes reducing
ground processing by including expert built i test and il noural
Remorke. Neuralnework apptcaions have beon pro ssful
in detecting anomalies of space shuttie main angine sensor u-u.ZJ

SYSTEMS MODEL

in order to maintain an organization's competitive edge.
The oml for plyload integration design is o minimize the amount of
change from mission to mission; thereby, reducing paperwork, labor
hous, and lurmaround time which are a reflecion of poor sian-

dardization and infor

Expert system technologies offer suc-

cessful solutions for dmgn automation lpplnnor! and recurring

intogration design prot

mission unique reqy

Export sysiems need 1o be applied with a systems engineering
global approach in ordor 1 streamiine acivities from the outsol. A

tan launch systm engineering

sach sysiom sialo

mel study showed that in
n verification, pre-mission, mission,

and postmission) a logc Jorih ik diaplay could bo dm'l"lupod o
classif the tochnical pa

order and ters involved in the ransiation
from g'mul 1o specific functional geup requirements.24 This type

of methodology can now be captured i the knowlodge baso and
inference engine.

Export systems can be introduced for rapid peototyping prio 1o
mission design integration and for design status functions

integration as shown

in Figure 3. Rapid prolotyping mvnlvn
control

the outset thvough early analyses. By capturing the surface level re-
lationships between certain basic requirements, the technical

parameters they affect,

and how these paramelers gain fidolity as

they propagae across the functional groups; rapid prototyping can

oceur.
requirements

pert sysiom can confim if the mission uniaue
r reasonable or can suggest whi

groups/analyses present a problom in meeling the e itsrian

Only after this iteration

‘would mission design integration begin with

fewer cross functional design changes or requirements
fications. _Similarly, expert systems can maintain a common
platform of engineering analysis, test, and manufacturing

requirements compliance
sysiem would bo the foce point for requiomants, functonal flows
and analys snapshot

ing the integration cycle. Thtuxp'ﬂ

curont

integration activities and requirement compliance values. The
system could perform downstream analysis to locate the effects of

stems engineering methodology will face an increasing
challenw to capture engineering design knowledge for future

ks, o upstroam analyss o donity

pendencies on upstream tasks affecting a particular requirement
The expert system could suggest courses of action.

EXPERT SYSTEM (Rapid Prototyping)

- Typical Interface Control

- Generic Configuration Requir
- Cross Functional Group Int

MISSION
[REQUIREMENTS

- Optimized Major Technical Parameters
Document
Requitements that Require lteration

ements.

MISSION DESIGN INTEGRATION

+ Suggestions Regarding which Analyses Results
Prohibit Meeting Certain Requirements (Optimized Major Techincal Parameters)

GUIDANCE/

NAVIGATION
CONTROL

EXPERT SYSTEM (Design Status)

SYSTEM REVIEWS

. UptmlerMnmm Diagnosis

1t Noncompliance

Requirement
Analysis Impacts

+ Systom Requirements Reviews.
+ System Design Reviews
+ System Readiness Reviews

Figure 3. Payload Integration Design Cycle Conceptusl Model
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As tecl velops, these applications will become easier
to implement. PARAGON25 representation, management, and
manipulation system was developed by Ford Aerospace and
Communications. PARAGON has  spacific methodology for the

uction and testing of expert systems that consists of a hybrid
mpreumnlvon obome Inepratig ramos, semanéc nebwks,
classif

deﬁned mev mevrelanon-

closed loop reverse engineering appiications. For example, in order
o identify the sensor data output based on an input of a specific
‘component failure, system simulations with numerical models can be
used. However, the reverse problem of identifying the failed compo-
fent. given cerain sensar betavior, cannot be solved sole though
numerical techniques 1o identify perhaps muliple anomalies.
complex diagnostic process, demanding hours of lecvrs
knowledge-

hierarchy. T}
(definition, com n. functional relationships, and se
behavior). Information is propagated between concepts to varying

degrees of knowledge description granularity. By defini

uniform and consistent set of relations that moves the level of
roasoning fom a shallow 0 a dooplvol

tion of expert systems offers the opportunity for analysis
and interpretation of large amounts of data. Expert systems can

scussions, can be approached by an Scpoc s
capturing

Expert systems technology can serve a unifying function
diverse ring analyses ractions. The application of
these systems within the organization must be balanced
withoptimism and skepticism.
seting where the organizat
expense and commitment necessary to modify existing organiza-
tional structure to accommodate technology.

Well undersiood mature systems could bonefit rom export
systems streamiine s, processes.
mmmmmnhdﬂhmmhmmlmwﬂed«im

applied to

1o the

p track of the dynamics of sysiems engineering activites and can sl
dotect system anomalies with the proper inference mechanism. il m:’;’":m’ L ‘"’m”"' e g
CONCLUSION o numerical They offer a new realm of compatitve
L : tochnology applications and provide the mechanism 1o optimize

o lity through systom processes toward concurrent
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